Nivolumab and ipilimumab, two therapeutic immune checkpoint inhibitor antibodies that block PD-1 and CTLA-4, respectively, have indications in cancer as single agents and in combination. In this Review, we examine the potential role of dual immune checkpoint inhibition with nivolumab plus ipilimumab in the management of patients with previously untreated advanced non-small-cell lung cancer, based on results from the Phase III CheckMate 227 study. Immunotherapies with indications in the first-line treatment of non-small-cell lung cancer include pembrolizumab alone and combined with chemotherapy, and atezolizumab combined with bevacizumab and chemotherapy. CheckMate 227 is the first Phase III study evaluating first-line chemotherapy-sparing combination immunotherapy and including tumor mutational burden as a biomarker for patient selection.
randomized controlled trials. Recently, positive results reported for several of these studies [17] [18] [19] led to the marketing approval of pembrolizumab in combination with chemotherapy for the first-line treatment of patients with metastatic NSCLC [15, 16] and of the PD-L1 inhibitor atezolizumab in combination with bevacizumab and chemotherapy for the first-line treatment of patients with metastatic nonsquamous NSCLC [20] . As an alternative approach to combining immunotherapy and chemotherapy, dual immune checkpoint inhibition with nivolumab, a PD-1 inhibitor, and ipilimumab, an antibody that blocks CTLA-4, is being evaluated in the Phase III CheckMate 227 study.
In this Review, we will provide an overview of the current role of checkpoint inhibitors in the treatment of NSCLC, followed by an in-depth discussion of the available data on the efficacy and safety of nivolumab plus ipilimumab in patients with previously untreated advanced NSCLC. Particular emphasis will be given to the role of PD-L1 expression and tumor mutational burden (TMB) as biomarkers in the selection of patients for specific therapies. Of note, a discussion of the efficacy and safety of targeted therapy in patients with driver mutations sensitive to targeted therapy, particularly EGFR mutations and ALK translocations, is not part of this Review and can be found elsewhere [21] . Similarly, emerging questions regarding the sequencing of different immunotherapies in the course of treating advanced NSCLC are not discussed in this Review.
Market overview of immunotherapy for advanced NSCLC

Second-line treatment: after chemotherapy
In randomized controlled studies, single-agent PD-1 or PD-L1 inhibitors, including nivolumab [22, 23] , pembrolizumab [24] and atezolizumab [25] , were shown to significantly prolong OS compared with docetaxel in patients with previously treated advanced NSCLC. Based on these findings, current clinical practice guidelines recommend single-agent PD-1/PD-L1 inhibitors as the standard of care for patients with an ECOG performance status of 0 or 1 who progressed on or after first-line platinum-doublet chemotherapy and have no targetable EGFR mutations or ALK translocations [13, 14] . Findings from an early Phase I trial of pembrolizumab showed that tumor PD-L1 expression affected treatment outcomes in both treatment-naive and previously treated patients [26] , and patients with less than 1% PD-L1 expression were excluded from the subsequent pivotal Phase II/III study of pembrolizumab for second-line treatment of advanced NSCLC [24] . However, results from pivotal Phase III studies of other PD-1 or PD-L1 inhibitors suggested that the relative treatment benefit of these therapies versus docetaxel may extend to patients with less than 1% tumor PD-L1 expression [22, 23, 25] , warranting the inclusion of this patient population in the marketing approval of nivolumab and atezolizumab for the second-line treatment of advanced NSCLC [20, [27] [28] [29] .
A key advantage of immunotherapy over the limited chemotherapy options available after platinum-based chemotherapy is the greater durability of treatment benefit, as illustrated by the long-term survival data from multiple studies [30] [31] [32] [33] , including the Phase III CheckMate 017 (N = 272) and CheckMate 057 (N = 582) studies of nivolumab versus docetaxel in patients with previously treated squamous and nonsquamous advanced NSCLC, respectively. The estimated 2-year OS rates with nivolumab versus docetaxel were 23 versus 8% for patients with squamous NSCLC and 29 versus 16% for those with nonsquamous NSCLC [32] ; the estimated 3-year OS rate for the combined CheckMate 017 and 057 study populations was 17% with nivolumab versus 8% with docetaxel [33] . Further support for the durability of nivolumab benefit was provided by 5-year follow-up data from a Phase I study that included 129 patients with previously treated advanced NSCLC who received nivolumab for up to 2 years [34] . The estimated 5-year survival rate was 16% from the time of nivolumab treatment initiation. Of note, 12 of the 16 patients who survived at least 5 years received no subsequent therapy and were without evidence of progressive disease at last follow-up [34] .
First-line treatment
Phase III studies evaluating the efficacy of single-agent PD-1/PD-L1 inhibitors as first-line therapy in advanced NSCLC sought to optimize outcomes by using PD-L1 expression level as a criterion for patient eligibility and/or stratification during randomization. In the landmark KEYNOTE-024 study, pembrolizumab significantly prolonged progression-free survival (PFS; the primary end point) and OS compared with platinum-doublet chemotherapy in patients whose tumors had ≥50% PD-L1 expression (tumor proportional score ≥50%) [35] , leading to its marketing approval for this patient population [15, 16] . Median PFS was 10.3 months with pembrolizumab versus 6.0 months with chemotherapy [35] , and median OS was 30.0 months with pembrolizumab versus 14.2 months with chemotherapy [36] . Recent results from the Phase III KEYNOTE-042 study in patients with ≥1% PD-L1 expres-sion further showed a significant OS advantage with pembrolizumab versus chemotherapy at a median follow-up of 12.8 months. The median OS was 16.7 months with pembrolizumab and 12.1 months with chemotherapy (hazard ratio [HR] for death: 0.81; 95% CI: 0.71-0.93; p = 0.0018). The OS advantage with pembrolizumab versus chemotherapy in KEYNOTE-042 was also significant in patients with ≥50% PD-L1 expression (HR: 0.69; 95% CI: 0.56-0.85; p < 0.001), but results of an exploratory analysis suggested similar OS with pembrolizumab and chemotherapy in patients with 1-49% PD-L1 expression (HR: 0.92; 95% CI: 0.77-1.11) [37] . In contrast, results of CheckMate 026 showed no improvement of PFS (the primary end point) or OS with nivolumab versus chemotherapy in patients with ≥5% PD-L1 expression [38] . Although the reasons for the different results of these trials remain controversial and are likely multifactorial, the findings of CheckMate 026 highlighted the need for additional predictive biomarkers to identify patients who are most likely to respond to immunotherapy. Previous findings suggested that TMB as the principal driver of neoantigen burden is a critical determinant of the sensitivity of tumors to PD-1 inhibition in NSCLC [39] . Consistent with these findings, results of an exploratory post hoc analysis of CheckMate 026 showed improved PFS with nivolumab versus chemotherapy (median: 9.7 vs 5.8 months; HR for disease progression or death: 0.62; 95% CI: 0.38-1.00) in patients with a high TMB, defined as ≥243 somatic missense mutations per whole exome [38] .
Since the approved indication of pembrolizumab monotherapy in the first-line setting is limited to patients with ≥50% PD-L1 expression in most countries, only an estimated 25-30% of all treatment-naive patients with advanced NSCLC who are tested for PD-L1 expression are eligible for this treatment [35] . To broaden the patient population that may benefit from first-line immunotherapy, various combination strategies are being pursued, including combinations of a PD-1 or PD-L1 inhibitor with histology-based chemotherapy and combination immunotherapy with nivolumab plus ipilimumab in TMB-selected and PD-L1-selected patient populations. Recent results from a number of Phase III studies underscore the overall success of these strategies.
KEYNOTE-189 and KEYNOTE-407 are ongoing randomized controlled Phase III studies evaluating the efficacy and safety of pembrolizumab plus chemotherapy versus chemotherapy alone in patients with advanced nonsquamous and squamous NSCLC, respectively. The results of interim analyses from both studies were recently published [17, 18] . Both studies designated OS and PFS as the primary end points and used PD-L1 expression (≥1 vs <1%) as a stratification factor during randomization. In KEYNOTE-189, median PFS was 8.8 months with pembrolizumab plus chemotherapy and 4.9 months with chemotherapy alone (HR for disease progression or death: 0.52; 95% CI: 0.43-0.64; p < 0.001) [17] . Although median OS for the combination therapy was not reached at the median follow-up of 10.5 months, the available data showed a significant OS advantage with pembrolizumab plus chemotherapy versus chemotherapy alone (HR: 0.49; 95% CI: 0.38-0.64; p < 0.001) and this survival advantage was preserved in all tested subgroups defined by PD-L1 expression level, including patients with less than 1% PD-L1 expression [17] . In KEYNOTE-407, the median PFS was 6.4 months with pembrolizumab plus chemotherapy and 4.8 months with chemotherapy alone (HR for disease progression or death: 0.56; 95% CI: 0.45-0.70; p < 0.001) [18] . The median OS was 15.9 months with pembrolizumab plus chemotherapy and 11.3 months with chemotherapy alone (HR for death: 0.64; 95% CI: 0.49-0.85; p < 0.001). Subgroup analyses further suggested that the OS benefit of the combination was similar in patients with less than 1% PD-L1 expression (HR for death: 0.61; 95% CI: 0.38-0.98) and those with ≥1% PD-L1 expression (HR for death: 0.65; 95% CI: 0.45-0.92) [18] . Based on the findings of KEYNOTE-189 and KEYNOTE-407, the US FDA approved pembrolizumab in combination with pemetrexed and platinum chemotherapy for the first-line treatment of patients with metastatic nonsquamous NSCLC with no EGFR or ALK aberrations, and pembrolizumab in combination with carboplatin and either paclitaxel or nab-paclitaxel for the first-line treatment of patients with metastatic squamous NSCLC [15] . A similar indication was granted by the EMA [16] .
Several Phase III studies are evaluating combinations of atezolizumab and chemotherapy for the first-line treatment of advanced nonsquamous or squamous NSCLC. In the global Phase III IMpower150 study, the addition of atezolizumab to bevacizumab plus chemotherapy was evaluated in chemotherapy-naive patients with nonsquamous NSCLC, including patients with EGFR or ALK alterations who were previously treated with at least one approved tyrosine kinase inhibitor [19] . Addition of atezolizumab to bevacizumab plus chemotherapy resulted in significantly longer PFS (HR: 0.62; 95% CI: 0.52-0.74; p < 0.001) in patients without EGFR or ALK alterations (irrespective of PD-L1 expression level) and patients with EGFR or ALK alterations previously treated with at least one approved tyrosine kinase inhibitor (HR: 0.59; 95% CI: 0.37-0.94). Results of an interim OS analysis at a minimum follow-up of 14 months showed that median OS among patients without EGFR or ALK alterations was 19.2 months with and 14.7 months without the addition of atezolizumab (HR: 0.78; 95% CI: future science group www.futuremedicine.com 0.64-0.96; p = 0.02) [19] . In December 2018, the FDA approved atezolizumab in combination with bevacizumab, paclitaxel and carboplatin for the first-line treatment of patients with metastatic nonsquamous NSCLC with no EGFR or ALK genomic tumor aberrations [20] . In March 2019, the European Commission approved the use of this combination for the first-line treatment of metastatic nonsquamous NSCLC, with the additional provision that in patients with NSCLC with EGFR or ALK genomic tumor aberrations, the combination is indicated only after failure of appropriate targeted therapies [40] . Results of IMpower130 presented at the ESMO 2018 Congress showed that the study met its coprimary end points of longer OS and PFS with atezolizumab plus chemotherapy (consisting of carboplatin and nab-paclitaxel) versus chemotherapy alone in the first-line treatment of patients with stage IV nonsquamous NSCLC with no EGFR or ALK alterations. Addition of atezolizumab to chemotherapy increased the median OS from 13.9 to 18.6 months (HR: 0.79; 95% CI: 0.64-0.98; p = 0.033) and the median PFS from 5.5 to 7.0 months (HR: 0.64; 95% CI: 0.54-0.77; p < 0.001) [41] . Results of IMpower132 demonstrated that addition of atezolizumab to carboplatin or cisplatin plus pemetrexed as first-line therapy significantly prolonged PFS (HR: 0.60; 95% CI: 0.49-0.72; p < 0.001) in patients with stage IV nonsquamous NSCLC. However, the results of an interim analysis of OS at a median follow-up of 14.8 months did not show a significant difference in OS between the two treatment arms (HR: 0.81; 95% CI: 0.64-1.02; p = 0.08) [42] .
Interim results from IMpower131, a large randomized Phase III study in patients with advanced squamous NSCLC, showed that PFS was longer with atezolizumab plus chemotherapy (carboplatin plus nab-paclitaxel) versus chemotherapy alone (6.5 vs 5.6 months; HR: 0.74; 95% CI: 0.62-0.87); however, at a minimum follow-up of 12.8 months, no significant differences in OS were observed (HR: 0.92; 95% CI: 0.76-1.12; p = 0.41) [43] .
CheckMate 227 is evaluating the safety and efficacy of nivolumab-based therapies, including the combination of nivolumab plus chemotherapy, in biomarker-selected and unselected populations of patients with advanced NSCLC. PFS with nivolumab plus chemotherapy versus chemotherapy alone in patients with less than 1% PD-L1 expression is a secondary end point in part 1 of the study. At a minimum follow-up of 11.2 months, median PFS was 5.6 months with nivolumab plus chemotherapy and 4.7 months with chemotherapy alone (HR: 0.74; 95% CI: 0.58-0.94) [44] . Nivolumab plus chemotherapy as first-line therapy is being evaluated in unselected patients with advanced NSCLC in part 2 of Checkmate 227, with results expected in 2019.
Currently, pembrolizumab monotherapy for patients with ≥50% PD-L1 expression is the only chemotherapysparing therapy approved for the first-line treatment of advanced NSCLC. Combination immunotherapy with a PD-1/L1 inhibitor and a CTLA-4 inhibitor in patients selected by TMB, which has no meaningful correlation with PD-L1 expression [38, 45, 46] , has the potential to provide a chemotherapy-sparing treatment option for some patients who have less than 50% PD-L1 expression.
As discussed in detail in a subsequent section, the utility of TMB as a clinically meaningful biomarker for PD-1/CTLA-4 combination immunotherapy was demonstrated by primary results from CheckMate 227 part 1, which showed that the study met the coprimary end point of significantly longer PFS with nivolumab plus ipilimumab versus chemotherapy in patients with TMB ≥10 mutations/Mb [47] . Although the Phase III MYSTIC study failed to show a significant OS advantage with first-line durvalumab plus tremelimumab versus chemotherapy in patients with ≥25% PD-L1 expression (coprimary end point), recent results of an exploratory analysis showed improved OS with the combination therapy versus chemotherapy in patients with a blood TMB ≥16 mutations/Mb (HR: 0.62; 95% CI: 0.45-0.86) [48] .
Mechanism of action
Cancer cells have developed multiple strategies to evade immune surveillance by suppressing activation and effector functions of cells of the innate and adaptive immune system [49] . Immune checkpoint blockade has become an essential strategy in the fight against cancer as a means to restore anticancer immunity [12, 50] . Currently approved checkpoint inhibitors in cancer treatment inhibit either the CD28/CTLA-4 system of immune modulation (ipilimumab) or the interaction between PD-1 and PD-L1 (atezolizumab, avelumab, durvalumab, nivolumab and pembrolizumab).
CTLA-4 inhibition
CTLA-4 is not expressed on naive and resting memory T cells but highly expressed on activated T cells, where it competes with CD28 for binding to CD80 and CD86 expressed on antigen-presenting cells [12, 50] . Whereas CD28 engagement amplifies T-cell receptor (TCR) signaling as a costimulator, CTLA-4 engagement reduces the amplitude of T-cell responses. Due to its higher affinity to CD80 and CD86 compared with CD28, CTLA-4 prevents sustained costimulation of TCR signaling after antigen engagement. This negative regulation of TCRmediated effector functions by CTLA-4 is essential for the maintenance of immune tolerance. In cancers with high proportions of tumor antigen-reactive T cells, such as melanoma, CTLA-4 inhibition is most likely to provide clinical benefit by restoring antitumor immunity [12] .
PD-1 inhibition
PD-1 is expressed on activated T cells, and engagement by its ligands, PD-L1 and PD-L2, inhibits TCR-mediated effector functions [12] . Observations that PD-L1 is often expressed by tumor cells and PD-1 is highly expressed on tumor-infiltrating lymphocytes suggested that PD-1 engagement by PD-L1 provided a mechanism of immune evasion in the tumor microenvironment that might be reversible by blocking PD-1/PD-L1 interaction. Although tumor PD-L1 expression is in part intrinsic, it can also be the result of adaptive immune resistance mediated by inflammatory cytokines, particularly IFN-γ. In addition to tumor cells, PD-L1-expressing, tumor-infiltrating myeloid cells may induce T-cell inhibition and thus contribute to immune evasion [12] .
Synergy of dual checkpoint inhibition
In cancer patients, CTLA-4 appears to regulate immune responses early in T-cell activation, whereas PD-1 inhibits the effector phase of T-cell activity in the tumor microenvironment [50] . CTLA-4 is mainly expressed on CD4 + cells (helper T cells), and CTLA-4-mediated suppression of antitumor immunity most likely occurs at sites of T-cell activation in secondary lymphoid organs. In contrast, PD-1-mediated suppression of antitumor immunity relies primarily on the suppression of effector T-cell responses in the tumor microenvironment. Given the distinct but complementary mechanisms of actions of CTL4-A and PD-1 inhibition, dual checkpoint inhibition has the potential for synergistic antitumor activity by increasing the number of tumor-specific T cells that remain activated to carry out effector functions. Consistent with this hypothesis, dual checkpoint inhibition in preclinical melanoma models resulted in the rejection of 65% of preimplanted tumors versus 10% with CTLA-4 inhibition alone [51] . Furthermore, dual checkpoint inhibition greatly improved the ratios of effector T cells to regulatory T cells and myeloid-derived suppressor cells, suggesting an overall enhancement of antitumor immunity [51] .
Pharmacology
Nivolumab
Nivolumab is a genetically engineered, fully human IgG4 monoclonal antibody against human PD-1 that binds to activated human T cells with high affinity (K D = 2.6 nM) [52] . Nivolumab has been shown to inhibit the interaction of PD-1 with PD-L1 (concentration at half-maximal inhibition [IC 50 ] = 2.52 nM) and PD-L2 (IC 50 = 2.59 nM) [53] and to enhance tumor antigen-specific T-cell proliferation and cytokine secretion in vitro [54] .
Nivolumab has linear pharmacokinetics, with a terminal elimination half-life of approximately 25 days and doseindependent, time-varying clearance for doses of 0.1−20 mg/kg in patients with solid tumors [27, 55] . Steady-state concentrations with multiple dosing at 3 mg/kg every 2 weeks (Q2W) are reached at 12 weeks, and exposure is dose proportional for doses of 0.1−10 mg/kg Q2W [27] . A model-based population pharmacokinetic analysis in 1895 patients from 11 clinical studies found no clinically relevant effects of renal impairment or hepatic impairment on nivolumab clearance [55] . PD-1 occupancy on circulating T cells after a single dose was independent of the dose. Mean peak occupancy 4-24 h after dosing was 85%, and a sustained mean occupancy of more than 70% was observed at ≥2 months after infusion, irrespective of dose [52] .
Ipilimumab
Ipilimumab, a fully human IgG1 monoclonal antibody that prevents CTLA-4 on activated T cells from binding to its ligands on antigen-presenting cells, has been shown to increase the percentages of circulating activated CD8 + and CD4 + T cells and to enhance humoral immunity in patients with advanced melanoma [56] . Ipilimumab exhibited linear and time-invariant pharmacokinetics with dose-proportional exposure, which was not affected by moderate renal impairment or mild hepatic impairment [57, 58] . The mean terminal half-life was 15 days [58] . Based on median steady-state trough concentrations, the probability of immune-related adverse events (AEs) grade ≥3 was estimated to be 3, 13 and 24% for doses of 0.3, 3 and 10 mg/kg, respectively [56] .
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Nivolumab plus ipilimumab
Combined administration of nivolumab 3 mg/kg and ipilimumab 1 mg/kg did not change the clearance of nivolumab or ipilimumab [27] . A model-based analysis of the exposure-response relationship for different dose combinations of nivolumab and ipilimumab was conducted in 232 patients with previously untreated NSCLC [59] . The results suggested that adding a low dose of ipilimumab (1 mg/kg Q6W or Q12W) to nivolumab 3 mg/kg Q2W was not associated with a significant increase in the risk of AEs leading to discontinuation or death. In contrast, the model predicted greater tumor shrinkage at week 12 with the combination regimens compared with nivolumab alone [59] .
Clinical efficacy of first-line nivolumab plus ipilimumab
Rationale for first-line nivolumab plus ipilimumab in NSCLC The rationale for evaluating dual-checkpoint inhibition for first-line therapy in NSCLC was based on mechanistic considerations as well as preclinical and clinical evidence. As discussed above, CTLA-4 and PD-1 inhibition constitute distinct and complementary mechanisms to restore antitumor immunity. Furthermore, previous clinical experience in other cancers, particularly melanoma [60] [61] [62] and renal cell carcinoma [63, 64] , demonstrated that combination immunotherapy with nivolumab plus ipilimumab significantly improved outcomes compared with established treatments, while maintaining acceptable tolerability. Results from the Phase III CheckMate 067 study showed that in patients with previously untreated advanced melanoma, nivolumab plus ipilimumab was associated with significantly longer PFS and OS than ipilimumab alone. Outcomes with the combination were also improved compared with nivolumab monotherapy, although the differences in OS were not statistically significant [61, 62] . Three-year OS rates with ipilimumab, nivolumab and combination therapy were 34, 52 and 58%, respectively [62] . In intermediate-and poor-risk patients with previously untreated advanced renal-cell carcinoma, OS was significantly longer and the objective response rate (ORR) significantly higher with nivolumab plus ipilimumab than sunitinib [64] .
PD-L1 & TMB as predictors of response to immunotherapy PD-L1 expression has historically been regarded as an important biomarker of response to PD-1 and PD-L1 inhibitors, based on mechanism of action. In addition, clinical outcomes in NSCLC associated with PD-1/PD-L1 inhibitor therapy tend to improve with increasing PD-L1 expression [24, 26, 32, 65, 66] . However, both nivolumab and atezolizumab have shown improved outcomes compared with docetaxel in the second-line treatment of patients with NSCLC and less than 1% PD-L1 expression, even though the absolute treatment benefit of PD-1/PD-L1 inhibition in this patient population was often reduced [22, 23, 25] . Results of a post hoc analysis from CheckMate 026 suggested that the use of TMB as a predictive biomarker instead of or in addition to PD-L1 expression may be effective in the selection of patients with advanced NSCLC who are likely to benefit from immunotherapy [38] .
The rationale for using TMB as a biomarker for antitumor response is based on the concept that insertion and deletion mutations give rise to neoantigens, which in turn are determinants of tumor immunogenicity [67] . TMB has been identified as a predictor of response to immunotherapy across diverse cancers [68] [69] [70] , including melanoma [71, 72] , urothelial carcinoma [73, 74] , small-cell lung cancer (SCLC) [75] and NSCLC [38, 39, 45, 46] . Hellmann et al. retrospectively evaluated the relationship between TMB and efficacy of combination immunotherapy with nivolumab plus ipilimumab in both patients with SCLC and those with NSCLC. In patients with previously treated SCLC, median OS was 22 months for patients in the highest TMB tertile compared with less than 4 months for all other patients [75] . In patients with previously untreated NSCLC, TMB was a predictor of response and PFS, independent of PD-L1 expression [46] .
A current limitation in comparing TMB-related outcomes across studies in NSCLC is the lack of a universally adopted standard for the definition and determination of TMB. Both whole-exome sequencing (WES) [38, 39, 46] and next-generation sequencing using specific gene panels [47, 48] have been used to determine TMB expressed as mutations per whole exome or mutations per megabase, respectively. In addition, the type of mutations included for the determination of TMB may vary between studies. Although it has been shown that TMB estimates by nextgeneration sequencing and WES may show good correlation [45] , the heterogeneity in defining and determining TMB likely affects patient selection. Appropriate cut-offs for patient selection in clinical trials thus may need to be determined experimentally for each agent, including the use of receiver operating characteristic analyses in the targeted patient population. Currently, tumor biopsies are generally used to determine TMB; however, a blood-based assay was recently used in the MYSTIC study [48] .
Phase I/II studies CheckMate 012 (NCT01454102) was a multicohort Phase I study that evaluated the safety and clinical activity of nivolumab-based therapies, including nivolumab as monotherapy [65] and in combination with ipilimumab [76] or chemotherapy [77] in patients with previously untreated advanced NSCLC. Of six nivolumab-plus-ipilimumab combination regimens tested, four were excluded from further consideration for clinical development because of poor tolerability or insufficient clinical activity [76] . The two remaining regimens combined nivolumab 3 mg/kg Q2W, a dose demonstrated to be safe and effective for the treatment of advanced NSCLC [22, 23] , with a low dose of ipilimumab (1 mg/kg Q6W or Q12W). The ORR among all treated patients in these two cohorts (n = 77) was 43% (Table 1 ). In contrast, the ORR in a cohort treated with nivolumab monotherapy was only 23%, and ORRs in subgroups defined by PD-L1 expression were consistently lower with nivolumab than nivolumab plus low-dose ipilimumab [76] . In the two cohorts treated with nivolumab plus low-dose ipilimumab, patients with ≥1% PD-L1 expression had a higher ORR and improved PFS and OS compared with patients who had less than 1% PD-L1 expression (Table 1) [76, 78] . Results of a post hoc analysis showed that ORR and PFS were more favorable in patients with TMB more than 158 mutations (the median value based on WES) than in those with lower TMB (Table 1 ) [46] , and in a multivariable analysis including PD-L1 expression, tumor histology, smoking status, performance status and tumor burden, TMB was independently associated with ORR and PFS [46] .
Results of the Phase II CheckMate 568 study confirmed that high TMB (determined by the FoundationOne CDx assay), irrespective of PD-L1 status, is associated with improved rates of response to nivolumab plus ipilimumab in patients with advanced NSCLC [79] . ORRs were 9, 15 and 44% for patients with <5, 5 to <10 and ≥10 mutations/Mb, respectively; however, no additional benefit was noted for patients with higher TMB, suggesting that a TMB of ≥10 mutations/Mb is a clinically useful cut-off for the selection of patients most likely to respond to first-line nivolumab plus ipilimumab.
The study did not find a meaningful correlation between TMB and PD-L1 expression [79] . Although both PD-L1 expression ≥1% and TMB ≥10 mutations/Mb were associated with higher ORR, PD-L1 expression appeared to have little influence on ORR in patients with high TMB (Table 1) . Patients with ≥10 mutations/Mb (n = 48) had an ORR of 47% if they had ≥1% PD-L1 expression compared with an ORR of 42% if they had less than 1% PD-L1 expression. In contrast, patients with less than ten mutations/Mb (n = 50) had an ORR of 18% if they had ≥1% PD-L1 expression compared with an ORR of 5% if they had less than 1% PD-L1 expression. Furthermore, in all patients treated with nivolumab plus ipilimumab (n = 288), the median PFS was almost three-times as long in those with ≥1% PD-L1 expression as in those with less than 1% PD-L1 expression ( Table 1) .
Phase III study: CheckMate 227
CheckMate 227 (NCT02477826) is an ongoing, large, multipart study evaluating the efficacy and safety of various nivolumab-based regimens, including nivolumab, nivolumab plus ipilimumab and nivolumab plus chemotherapy, in unselected, PD-L1-selected and TMB-selected patient populations with previously untreated advanced NSCLC [47] . A primary end point in part 1 of the study is OS with nivolumab plus ipilimumab versus chemotherapy in patients whose tumors express PD-L1, and results for this end point are pending. Based on the findings of CheckMate 568, PFS with nivolumab plus ipilimumab versus chemotherapy in patients with TMB ≥10 mutations/Mb was chosen as an additional coprimary end point in part 1 of the study. This end point was added after the completion of enrollment but before the database lock. TMB was defined as the number of somatic, coding base substitutions and short insertions and deletions (indels) per Mb of genome examined, and was determined by the FoundationOne CDx assay [82] [83] [84] . Because the biopsy material collected at baseline was preferentially used for PD-L1 analysis, many patients had insufficient material for TMB analysis. Consequently, only 58% of all randomized patients were evaluable for efficacy analyses by TMB. Nonetheless, baseline characteristics in these patients were balanced between treatment arms and similar to those of all randomized patients [47] .
In CheckMate 227 part 1, a total of 1166 patients were randomly assigned to treatment with nivolumab 3 mg/kg Q2W plus ipilimumab 1 mg/kg Q6W, or histology-based platinum doublet chemotherapy for up to four 3-week cycles. Of those, 299 patients were evaluable for the coprimary end point of PFS in patients with TMB ≥10 mutations/Mb. The study met its coprimary end point, showing a median PFS of 7.2 months with nivolumab plus ipilimumab versus 5.5 months with chemotherapy (HR: 0.58; 97.5% CI: 0.41-0.81; p < 0.001; Table 1 ). Although the ORR was higher with nivolumab plus ipilimumab than chemotherapy (45 vs 27%), the most striking difference between the two treatment arms was in the durability of responses. The 1-year PFS rate with nivolumab plus ipilimumab was more than three-times that with chemotherapy (43 vs 13%; Not reported † ORR assessment based on n = 44 for PD-L1 ≥1% and n = 17 for PD-L1 Ͻ1%. ‡ 95% CI were used except for the coprimary end point. § Coprimary end point. ¶ Preliminary data based on [81] . # Preliminary data based on [80] . HR: Hazard ratio; NR: Not reached; NSCLC: Non-small-cell lung cancer; ORR: Objective response rate; OS: Overall survival; PFS: Progression-free survival; TMB: Tumor mutational burden; Q2W: Every 2 weeks; Q6W: Every 6 weeks; Q12W: Every 12 weeks. Data for CheckMate 012, 568 and 227 based on [46, 76, 78] , [79] and [47, 80, 81] , respectively. of patients with a complete or partial response who maintained this response for at least 1 year was 68% with nivolumab plus ipilimumab versus 25% with chemotherapy [47] .
The PFS benefit of combination immunotherapy in patients with ≥10 mutations/Mb was consistent across subgroups defined by age, gender, tumor histology or PD-L1 status. Importantly, outcomes were similar in patients with less than 1% and those with ≥1% tumor PD-L1 expression, with estimated 1-year PFS rates of 45 and 42%, respectively (Table 1) [47] . Overall, patients with TMB <10 mutations/Mb did not gain a significant PFS advantage with combination immunotherapy versus chemotherapy (HR: 1.07; 95% CI: 0.84-1.35); those treated with nivolumab plus ipilimumab had a median PFS of 3.2 months (vs 5.5 months with chemotherapy) and a 1-year PFS rate of 25% (vs 17% with chemotherapy) [47] . These data demonstrate that PFS with nivolumab plus ipilimumab was highly sensitive to patients' TMB, whereas PFS with chemotherapy was not affected by TMB.
CheckMate 227 part 1 included a treatment arm of nivolumab monotherapy in patients with ≥1% tumor PD-L1 expression. In patients with ≥1% tumor PD-L1 expression and TMB ≥10 mutations/Mb (n = 203), the median PFS was longer with nivolumab plus ipilimumab (7.1 months) than nivolumab monotherapy (4.2 months; HR: 0.75; 95% CI: 0.53-1.07). In addition, comparison of PFS with nivolumab monotherapy versus chemotherapy in patients with ≥1% PD-L1 expression and TMB ≥13 mutations/Mb (n = 150), a secondary end point, showed no significant differences in PFS between the two treatments (HR: 0.95; 97.5% CI: 0.61-1.48; p = 0.78) [47] .
Overall, the published data from CheckMate 227 part 1 demonstrate that combination immunotherapy with nivolumab plus ipilimumab provides a significant PFS advantage over chemotherapy in patients with TMB ≥10 mutations/Mb, due to increased probability and durability of response. A corresponding descriptive analysis of OS based on a minimum follow-up of 14.2 months was presented at the 2018 Annual Meeting of the American Association for Cancer Research [80] and subsequently updated in a recent press release related to an ongoing regulatory review of the available study results (Table 1) [81] . Nivolumab plus ipilimumab was associated with a median OS of 23.0 versus 16.7 months with chemotherapy and an estimated 23% relative reduction in the risk of death (HR: 0.77; 95% CI: 0.56-1.06). The press release also provided previously unpublished OS data from an exploratory analysis in patients with TMB <10 mutations/Mb. In this patient group, the median OS was 16.2 months with nivolumab plus ipilimumab versus 12.4 months with chemotherapy (HR: 0.78; 95% CI: 0.61-1.00) [81] . The study is continuing for the evaluation of the coprimary end point of OS with nivolumab plus ipilimumab versus chemotherapy in PD-L1-selected patients.
Safety & tolerability
Nivolumab and ipilimumab largely lack the toxicities typically associated with chemotherapy, including hematologic toxicities and specific gastrointestinal disturbances such as nausea and vomiting. However, US package inserts for nivolumab and ipilimumab include warnings for a number of immune-related events, including pneumonitis, colitis (nivolumab only), hepatitis, endocrinopathies, nephritis, renal dysfunction, skin reactions (nivolumab only), infusion reactions and encephalitis [27, 58] . Similar warnings and precautions are included in the corresponding product labeling by the EMA [28, 85] .
Dose escalation with nivolumab at doses of 0.1−20 mg/kg Q2W in patients with solid tumors did not identify a maximum tolerated dose, and the rates of potentially immune-related AEs were similar across doses [86, 87] . Furthermore, the nivolumab regimen of 3 mg/kg Q2W used in CheckMate 227 in combination with ipilimumab 1 mg/kg Q6W has been shown to be overall better tolerated by patients with advanced NSCLC than chemotherapy, due to consistently lower rates of any-grade and grade 3 or 4 treatment-related AEs (TRAEs) [22, 23, 38] . In contrast to nivolumab, ipilimumab has shown highly dose-dependent rates of immune-related AEs [56] , and safety data from patients with advanced melanoma treated with nivolumab plus ipilimumab in CheckMate 067 indicated that ipilimumab at the high dose of 3 mg/kg Q3W dominated the AE profile of the combination [61] . However, a model-based analysis of safety data from CheckMate 012 suggested that the addition of ipilimumab at the low dose of 1 mg/kg Q6W to nivolumab 3 mg/kg Q2W would not have a significant impact on safety and tolerability in patients with previously untreated advanced NSCLC [59] . Table 2 summarizes the safety profile of nivolumab plus low-dose ipilimumab in previously untreated patients with NSCLC. In CheckMate 227, nivolumab plus low-dose ipilimumab was associated with similar rates of TRAEs as chemotherapy (75 vs 81%) but higher rates of serious TRAEs (24 vs 14%) and TRAEs leading to discontinuation (17 vs 9%) [47] . The most common potentially immune-related TRAEs associated with nivolumab plus ipilimumab were skin reactions (34%) and endocrine events (23%), most of which were grade 1 or 2. The most common grade 3 or 4 potentially immune-related TRAEs were hepatic events (8%). Pneumonitis was the most common serious TRAE associated with nivolumab plus ipilimumab (4% of patients), the most common TRAE leading to discontinuation (3% of patients), and the cause of three deaths in the nivolumab-plus-ipilimumab arm; four additional treatment-related deaths in this treatment arm were attributed to myocarditis, acute tubular necrosis, circulatory collapse and cardiac tamponade [47] .
Analyses of patient-reported outcomes in CheckMate 227 found that patients with TMB ≥10 mutations/Mb being treated with nivolumab plus ipilimumab experienced more rapid, durable and clinically meaningful improvements in disease-related symptom burden and health-related quality of life (HRQoL) than those being treated with chemotherapy, despite the potential for immune-related AEs [88, 89] . Based on results obtained with the lung [79] . § Based on reference [47] . cancer symptom scale, patients treated with nivolumab plus ipilimumab on average achieved clinically meaningful improvements in disease-related symptoms, including fatigue and dyspnea. Patients treated with the combination immunotherapy on average also achieved the UK population norm for scores on the EuroQol three-level fivedimension HRQoL questionnaire visual analog scale and utility index (generic measures of HRQoL), suggesting a favorable HRQoL for surviving patients [88] .
Regulatory affairs
At the time of writing this article, nivolumab plus ipilimumab is not approved for the first-line treatment of patients with advanced NSCLC and TMB ≥10 mutations/Mb. A previous application for this indication to the FDA was withdrawn in January 2019 to await further evidence on the relationship between TMB and PD-L1, which requires final results from Checkmate 227 part 1 on the efficacy and safety of nivolumab plus ipilimumab versus chemotherapy in patients with ≥1% PD-L1 expression [90] . However, a corresponding application remains under review by the Committee for Medicinal Products for Human Use of the EMA [81] . In the USA, combination regimens of nivolumab plus ipilimumab are approved for the treatment of patients with unresectable or metastatic melanoma, patients with intermediate-or poor-risk, previously untreated advanced renal cell carcinoma, and patients 12 years and older with microsatellite instability-high or mismatch repair deficient metastatic colorectal cancer whose tumors have progressed following treatment with a fluoropyrimidine, oxaliplatin and irinotecan [27] . In the European Union, the combination of nivolumab and ipilimumab is approved for the treatment of advanced (unresectable or metastatic) melanoma in adults [28] , and the treatment of patients with intermediate-or poor-risk, previously untreated advanced renal cell carcinoma [91] .
Conclusion
The available results from CheckMate 227 demonstrate that dual checkpoint inhibition with nivolumab plus low-dose ipilimumab improves response and prolongs PFS compared with standard histology-based chemotherapy in patients with previously untreated advanced NSCLC and TMB ≥10 mutations/Mb. Due to the hierarchical statistical analysis plan of CheckMate 227, the corresponding comparison of OS did not qualify for an inferential statistical analysis, and a statistically significant OS benefit with nivolumab plus ipilimumab versus chemotherapy has not been demonstrated. In this context, it is worth noting that the sample size for this comparison (n = 299) was considerably smaller than corresponding sample sizes in other studies of first-line combination therapy [17] [18] [19] . However, the available OS data showed a trend toward improvement with nivolumab plus ipilimumab, with a large numerical difference in estimated median OS (23.0 vs 16.7 months), a finding that we believe is clinically meaningful. A similar trend in favor of nivolumab plus ipilimumab versus chemotherapy was observed in patients with TMB <10 mutations/Mb, although median OS in both treatment arms (16.2 vs 12.4 months) was much shorter in this patient group than patients with TMB ≥10 mutations/Mb. Pending final OS results from CheckMate 227 part 1 may provide a better understanding of the relationship between TMB and PD-L1 expression and the combined impact of these two biomarkers on OS. The potential future role of first-line nivolumab plus ipilimumab in the management of advanced NSCLC will depend on the assessment of the clinical benefit observed across different patient populations, including those selected on the basis of TMB or PD-L1 expression.
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Immunotherapy in advanced non-small-cell lung cancer
• PD-1/PD-L1 inhibitor therapy has become the standard second-line treatment for patients with advanced non-small-cell lung cancer (NSCLC). • Currently approved first-line immunotherapies include pembrolizumab monotherapy for patients with metastatic NSCLC and ≥50% PD-L1 expression, pembrolizumab in combination with platinum-based chemotherapy for patients with metastatic squamous or nonsquamous NSCLC, and atezolizumab in combination with bevacizumab, paclitaxel and carboplatin for patients with metastatic nonsquamous NSCLC. Dual immune checkpoint inhibition with nivolumab plus ipilimumab • To expand current treatment options, dual immune checkpoint inhibition with nivolumab plus ipilimumab as a chemotherapy-sparing first-line treatment strategy is being evaluated in the Phase III CheckMate 227 study. • Nivolumab and ipilimumab have complementary mechanisms of action.
• Nivolumab plus ipilimumab has been shown to improve outcomes compared with established treatments in some advanced cancers. Tumor mutational burden as predictive biomarker • Tumor mutational burden (TMB) is an emerging biomarker of response to immunotherapy in multiple cancers, including response to nivolumab plus ipilimumab in advanced NSCLC. • TMB and PD-L1 expression are independent biomarkers, and TMB can be used to identify patients with low PD-L1 expression who have an increased likelihood to respond to immunotherapy. Efficacy of nivolumab plus ipilimumab in patients with untreated advanced NSCLC • TMB ≥10 mutations/Mb was identified as a useful criterion for selecting patients most likely to derive progression-free survival benefit from combination immunotherapy with nivolumab plus ipilimumab. • The Phase III CheckMate 227 study met its coprimary end point of superior progression-free survival with nivolumab 3 mg/kg Q2W plus ipilimumab 1 mg/kg Q6W versus chemotherapy in patients with TMB ≥10 mutations/Mb. • The treatment benefit of this combination was preserved in subgroups defined by tumor histology (squamous and nonsquamous) or PD-L1 expression (≥1 and <1%). Safety & tolerability of nivolumab plus ipilimumab • In CheckMate 227, nivolumab plus low-dose ipilimumab was associated with similar rates of treatment-related adverse events (TRAEs) as chemotherapy but higher rates of TRAEs leading to discontinuation (17 vs 9%); pneumonitis was the most common TRAE leading to discontinuation (3% of patients). • Patient-reported outcome analyses indicated that patients being treated with nivolumab plus ipilimumab on average experienced greater reductions in symptom burden and greater improvements in health-related quality of life than patients being treated with chemotherapy. Conclusion • Nivolumab plus ipilimumab has the potential to provide a chemotherapy-sparing first-line treatment option for patients with advanced NSCLC and TMB ≥10 mutations/Mb, irrespective of tumor histology and PD-L1 expression. • This combination could be particularly valuable in providing sustained disease control with improved health-related quality of life for patients who do not tolerate chemotherapy or wish to preserve chemotherapy as a future treatment option.
